Escherichia coli K-12 colicinogenic for ColEl yielded mutants that appeared to produce colicin at 43 C but not at 30 or 37. These mutants proved to have the mutation recA -Further study revealed that both recA -and recA + bacteria, when carrying ColE1 or ColE2, produce more colicin during growth at higher temperatures or after brief exposure to temperatures beyond the growth range. Counts of lacunae demonstrated that the increase of colicin production is due to an increase in the number of cells that yield colicin. Heat treatment causes lacunae to increase by the same factor in recA+ and recA-cells, although recA-bacteria produce 500 times fewer lacunae than recA+. Inhibition of protein synthesis, notably by chloramphenicol, also induces colicin production in as much as 90% of the cells after removal of inhibition (to permit colicin synthesis). Induction of colicin production by chloramphenicol requires that ribonucleic acid synthesis continue during the period of inhibition. These results are discussed in relation to the regulation of colicin production.
Escherichia coli K-12 colicinogenic for ColEl yielded mutants that appeared to produce colicin at 43 C but not at 30 or 37. These mutants proved to have the mutation recA -Further study revealed that both recA -and recA + bacteria, when carrying ColE1 or ColE2, produce more colicin during growth at higher temperatures or after brief exposure to temperatures beyond the growth range. Counts of lacunae demonstrated that the increase of colicin production is due to an increase in the number of cells that yield colicin. Heat treatment causes lacunae to increase by the same factor in recA+ and recA-cells, although recA-bacteria produce 500 times fewer lacunae than recA+. Inhibition of protein synthesis, notably by chloramphenicol, also induces colicin production in as much as 90% of the cells after removal of inhibition (to permit colicin synthesis). Induction of colicin production by chloramphenicol requires that ribonucleic acid synthesis continue during the period of inhibition. These results are discussed in relation to the regulation of colicin production.
Colicin production by colicinogenic enteric bacteria is a lethal synthesis, and, under normal growth conditions, only a small proportion of the cells in a colicinogenic culture actually make colicin. Colicin production and colicinogenic factor replication are regulated by elements determined by both the colicinogenic factor and the host chromosome. Chromosomal and ColE 1 factor mutants which render the cell temperaturesensitive for Col factor replication have been reported (Kingsbury and Helinski, Bacteriol. Proc., p. 55, 1970) . The poiA-mutants cannot maintain the ColEl factor; the CoIE2 factor is frequently lost in these mutants (11) .
Escherichia coli recA-strains harboring a normal ColE 1 or ColE2 factor have been reported not to produce colicin at all (8) . It is known that recA-A lysogens are noninducible by ultraviolet (UV) irradiation (7) . Agents that interfere with deoxyribonucleic acid (DNA) metabolism induce both the production of colicin in colicinogenic strains and the production of phage in A lysogens. Because of these shared features, regulation of colicin production may be thought to be similar to control of A prophage.
The results presented here indicate that in certain respects prophage and colicin regulation are dissimilar.
We find that E. coli recA-strains carrying either ColEI or CoIE2 do in fact produce colicin, but at a reduced level compared to recA+ strains.
The proportion of cells that make colicin increases with growth temperature in both recA+ and recA-strains, and treatment of cells with inhibitors of protein synthesis, notably chloramphenicol (CM), causes the subsequent induction of colicin production in a large proportion of cells in a colicinogenic population. Neither the temperature effect nor the chloramphenicol effect is observed with A lysogens.
A preliminary report of these findings has appeared (C. K. Kennedy, Bacteriol. Proc., p. [61] [62] 1970 (15) . Where required, glucose was added at 0.2%. Amino acids were added to give a concentration of 20 jg/ml except for threonine or leucine, which were added at 100 gg/ml and methionine, which was added at 50 jg/ml. CM and streptolydigin were used at 100 ug/ml and puromycin at 400 ;g/ml. For transfer of the CoIE2 factor to strain LA363, which is Hfr, the recipient strain was made into the Fphenocopy state as follows. LA363 was grown overnight in F medium plus 0.5% Casamino Acids, I jig thiamine-hydrochloride per ml, 0.5% glucose, 50,ug of uracil per ml with strong shaking at 37 C. The cells were diluted 1: 100 into fresh medium and allowed to grow to 108/ml. The culture was stirred on a Vortex homogenizer and filtered; the cells were washed, resuspended in the same medium without Casamino Acids, shaken at 37 C for 5 hr, filtered, and resuspended in LB broth. This suspension was used immediately as recipient for CoIE2 transfer (donor-recipient ratio 2: 1; mating without shaking).
Mutagenesis and slection of mutants. Nitrosoguanidine mutagenesis was performed by the method of Adelberg et al. (1) . The mutagenized cells of colicinogenic strains were allowed to grow overnight in LB broth, diluted, and plated. After incubation at 37 C for 36 hr, colonies that appeared not to produce colicin were picked and tested further.
Plating for lacunae, viable cell couts, aod X infective centers. The number of individual cells producing colicin was measured by the lacunae assay (16) . A sample of colicinogenic cells was mixed with a few drops of chloroform for 5 min. A sample was removed and diluted, and a 0.1-ml amount was mixed with 2.5 ml of soft agar and 106 freshly grown E. coli B cells. The mixture was poured onto a thin LB plate (15 to 20 ml of agar in a 100-mm dish). The lacunae were counted after incubation at 37 C for 5 hr.
A sample of the same culture before chloroform treatment was used for viable cell counts on LB agar.
Infective centers produced by A lysogens were assayed on E. coli K-12 A-.
Starvation experiments. Cultures at a density of about 108 cells/ml were filtered on membrane filter (Millipore Corp.; 0.45-Mm pore size) and washed several times with nutrient-deficient medium prewarmed at 37 C; the cells were resuspended in the new medium at 37 C. Optical density measurements were taken at intervals.
Synthesis of DNA and RNA. Cells were grown with shaking at 37 C in F medium plus required supplements to about 108 cells/ml. 14C-uracil (New England Nuclear) was added to give 0.2 ACi/ml, and cold uracil was added to 10 jg/ml. Samples were taken for counting at various times. Total counts [DNA plus ribonucleic acid (RNA)] were determined by precipitating a 0.5-ml sample with 0.5 ml of iced 10% trichloroacetic acid in a small test tube. After 30 min, the contents of each tube were filtered (Millipore, 15/16 inch diameter, 0.45 Mm) and washed three times with 3 ml of 5% trichloroacetic acid (plus 10 ug of cold uracil per ml). Filters were glued to planchets, dried, and counted in a low background Nuclear-Chicago gas flow counter (model D-47).
For counts in DNA, 0.5-ml portions of the cultures were mixed with 0.5 ml of 1 N NaOH and kept at 37 C for 4 hr (or at 30 C overnight). The samples were neutralized with 0.5 ml of I N HCI, chilled, and mixed with 1.5 ml cold 10% trichloroacetic acid. After 30 min, the contents of each tube were filtered, washed, and counted. RNA counts were determined by subtraction of counts in DNA from total counts. RESULTS Colicin production in recA-strains and temperature-dependent production. A search was made for mutants of strain M72(ColEI) that would be temperature sensitive for colicin production. Nitrosoguanidine mutagenesis yielded a class of mutants that appeared by stab testing to produce colicin El at 43 C but not at 30 or 37 C. These mutants carried a normal colicin El factor since they transferred to other E. coli strains the ability to produce colicin El regardless of temperature.
The properties of these bacterial mutants exemplified by TS15 (Table 2 ) suggested that they had recombination deficiency of the recA-type. They were hypersensitive to UV light and to mitomycin C, gave noninducible X lysogens, and failed to support the growth of X fec mutants that require the RecA function (Zissler, Bacteriol. Proc., p. [201] [202] 1970) . It has been reported (8) that recA-bacteria carrying ColEl or ColE2 produce no colicin at normal temperatures (37 C). Tests on known recA-mutants confirmed that, when they were made colicinogenic for ColE1 or CoIE2, these strains gave negative stab tests at 30 or 37 C but positive tests at 43 C. These results are summarized in Table 2 Colicin production by various strains at different temperatures was quantified by counting the number of lacunae (16) , that is, the number of cells in a given population that produce colicin. This method works especially well for detecting colicin E2 production; large unambiguous lacunae are observed with ColE2 strains. The results showed that, for both recA+ and recAbacteria, the proportion of cells that produce colicin increases with growth temperature (50-fold increase from 30 C to 45 C). At all temperatures, however, the ratio of lacunae to total cells was about 500-fold higher for recA + than for recA-cells. This is illustrated for colicin E2 in Fig. 1 The experiment shown in Fig. 2 illustrates the induction of colicin E2 production, measured by lacunae counts, after shifting a colicinogenic culture from 37 to 47 C, a temperature at which bacteria do not grow but are not killed. Max Fig. 3 .
The time required to reach maximum induction by CM depends on the generation time of bacteria in the medium in which they are growing; in a synthetic medium, the times of CM treatment required for maximal induction are longer than in LB.
Bacteria colicinogenic for ColEl are also induced by CM treatment; the lacunae counts are never as high as for E2, but counts of surviving bacteria indicate that substantial numbers of cells are induced to production of colicin El.
CM did not induce colicin production in a recA-strain carrying ColE2 (Table 3) . CM also did not induce a X prophage from a recA+ lysogen; these results are presented in Table 4 (12, 20, 22, 23) . Because of this and the erratic results of the amino acid starvation experiments, colicinogenic derivatives of an RCs" and RCreL pair were constructed. These strains, EA5012 (ColE2) RCreL and EA5013 (ColE2) RC8s,, require methionine; when starved for methionine, both of these strains manifested an increase in the proportion of lacunae after subsequent growth with methionine. The results (Table 5) show that both strains were effectively induced to colicin production by amino acid starvation.
Induction by puromycin. Experiments similar to those done with CM were performed by using puromycin as the inhibitor of protein synthesis. Strain QR47 (ColE2) was induced to a lesser extent by puromycin than by CM, although both drugs were equally effective in stopping the cultures from increasing in optical density. Another strain, RS522 (ColE2) showed an increase in lacunae nearly as great after puromycin treatment as it does after exposure to CM. These results are summarized in Table 6 .
Emergy requirement for induction. The experiments of Table 7 Requirement for nucleic acid synthesis during CM treatment for induction to occur. Table 8 shows the results of an experiment performed with strain LA363 (ColE2), an E. coli K-12 derivative which is met-ura-. Cells were starved for uracil for 45 min before CM was added; after 60 min in CM, the drug was removed (by dilution), and uracil was added back to the culture. Lacunae and viable cells were measured at several points during the experiment (Table 8 ). The usual increase in lacunae after CM treatment was not observed.
Since uracil is a precursor of cytosine and thymine, the above experiment does not distin- Resuspended in medium without glucose I hr 37 C 3.2 I hr 47 C 2.5 I hr 37 C + CM 2.3 a Cells of strain QR47 (ColE2) were thetic medium with glucose at 37 C t( 108/ml; they were filtered and washed, ai was resuspended in medium lacking gluc was shifted to 47 C; choramphenicol (C to another sample. After I hr, lacunae a were measured; glucose was then readd was continued for another hour, and lacu cells were measured. Another portion was treated in the same way but was n glucose.
' aCells of strain LA363 (ColE2) grown in synthetic medium at 37 C were filtered, washed, and resuspended in medium lacking uracil; cells were shaken for 45 min and were divided into four portions, to which additions were made as indicated. After an additional hour of shaking at 37 C, lacunae and viable cells were measured. Cells were diluted 1:100 into chloramphenicol (CM)-free medium supplemented with uracil, shaken for 60 min at 37 C, and assayed for lacunae and viable cells.
tion, and nalidixic acid (9, 10, 13). We conPlated after firmed these effects on our strains and addition60in mimore ally determined that hydroxyurea, a nonlethal and glucose inhibitor of DNA synthesis (17) , also induces at 37 C colicin E2 production. Requirement for RNA synthesis. Treatment with CM must be followed by a period of growth for colicin induction to be manifested. Therefore, 5.9 any inhibitor used to study the CM phenomenon 6.9 should act reversibly on E. coli. 7.5 Streptolydigin (21) Table 9 . Measymine starva-urements of the incorporation of radioactive pre- (24) . Reduced colicin production may reflect defective colicinogenic factor replication or inability of colicin repressors to be inactivated in these strains.
When the culture temperature is raised, the number of colicin E2-producing bacteria starts to increase within minutes and the increased proportion of lacunae, characteristic of that temperature, is reached within about 30 min after the temperature shift. The temperature-sensitive component of the regulatory mechanism is not known, but active metabolism is required during a shift up in temperature for cells to be induced.
CM and, to a variable extent, other inhibitors of protein synthesis, such as amino acid starvation and puromycin, cause the subsequent induction of colicin production in strains colicinogenic for ColE1 or CoIE2 (and also for ColE3, unpublished data). This finding was recently confirmed for colicin E2 (4) . RNA synthesis must occur during CM treatment for the induction to take place. The involvement of DNA synthesis in CM induction is not ruled out by our experiments. Interference with DNA synthesis by itself causes colicin induction, thus the experiments required to settle this question are not straightforward. Bazaral and Helinski (3) have shown that when an E. coli K-12 (ColEl) strain is starved for a required amino acid, the rate of synthesis 17 VOL. 108, 1971 on October 25, 2017 by guest http://jb.asm.org/ Downloaded from of ColE I DNA actually increases 2.0-to 2.5-fold over normal rate, whereas the rate of chromosomal DNA synthesis progressively decreases. A likely explanation for "CM induction" is that in bacteria carrying ColE 1 (and also in those carrying ColE2) the increased replication of the Col factor results in colicin production. It seems possible that the increase in the number of copies of the factor per cell results in "titrating" a repressor of colicin production (6) . The fact that recA (CoIE2) strains are not CM-inducible may reflect insufficient replication of the factor. It is known that, after UV treatment, which induces colicin production, the colicinogenic factor replicates at an increased rate (2) .
The requirement for RNA synthesis during CM induction is not easily explained. RNA synthesis continues during treatment of cells with CM and also dufing exposure of cells to puromycin (this was confirmed in the course of the present work). In RCStr strains, stable RNA species are believed not to be made during amino acid starvation, but other RNA classes are probably synthesized (5) . Both RCs,r (CoIE2) and RCrel (CoIE2) strains were induced by methionine starvation, the latter to a greater extent than the former, possibly reflecting their relative abilities to synthesize RNA during amino acid starvation.
The RNA required for CM induction may be mRNA that directs the synthesis of some protein which is not inhibited by CM (or puromycin) and which is required for colicin factor replication or for subsequent colicin synthesis. Alternatively, RNA molecules may participate in the positive control of colicin production or colicin factor replication. There is no zygotic induction of colicin production when the ColEl or CoIE2 factors are transferred to noncolicinogenic bacteria (14; unpublished data). Hence, one may postulate the existence of positive control elements involved in the regulation of colicin production. If so, such elements may have to be synthesized before colicin factor replication or colicin production can proceed. Experiments are in progress to clarify the roles of RNA and DNA synthesis during CM-induced and spontaneous production of colicins El and E2.
